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ABSTRACT Molecular dynamics simulations are performed of bovine pancreatic trypsin inhibitor in a cryosolution over a range
of temperatures from 80 to 300 K and the origins identiﬁed of elastic dynamic neutron scattering from the solution. The elastic
scattering and mean-square displacement calculated from the molecular dynamics trajectories are in reasonable agreement
with experiments on a larger protein in the same solvent. The solvent and protein contributions to the scattering from the
simulation model are determined. At lower temperatures (\;200 K) or on shorter timescales (;10 ps) the scattering
contributions are proportional to the isotopic nuclear scattering cross-sections of each component. However, for T[ 200 K
marked deviations from these cross-sections are seen due to differences in the dynamics of the components of the solution.
Rapid activation of solvent diffusion leads to the variation with temperature of the total elastic intensity being determined largely
by that of the solvent. At higher temperatures ([240 K) and longer times (;100 ps) the protein makes the only signiﬁcant
contribution to the scattering, the solvent scattering having moved out of the accessible time-space window. Decomposition of
the protein mean-square displacement shows that the observed dynamical transition in the solution at 200–220 K involves
activation of both internal motions and external whole-molecule rotational and translational diffusion. The proportion that the
external dynamics contributes to the protein mean-square displacement increases to ;30 and 60% at 300 K on the 10- and
100-ps timescales, respectively.
INTRODUCTION
Neutron scattering is a major technique for the examination
of picosecond dynamics in biological systems. However, due
to the complexity of the motions present and the large
number of disparate scattering nuclei, direct interpretation of
experimental results with analytical models can be fraught
with difﬁculty. Molecular dynamics (MD) simulation can be
used to overcome this problem. The dynamic structure factor
can be calculated from the simulation trajectories, compared
with experiment, and used to decompose the contributions to
the measured scattering (Smith, 1991, 2000; Kneller and
Smith, 1994; Souaille et al., 1996; Morelon et al., 1998;
Tarek and Tobias, 2000; Hayward and Smith, 2002).
In recent years neutron scattering and other techniques
have been used extensively in research stimulated by the
ﬁnding that the temperature-dependence of the aver-
age mean-square displacement of protein internal motion
exhibits a change in gradient at temperatures ranging from
;170–240 K (Knapp et al., 1982; Parak and Knapp, 1984;
Doster et al., 1989; Smith, 1991, 2000; Smith et al., 1990;
Rasmussen et al., 1992; Demmel et al., 1997; Fitter et al.,
1997; Cordone et al., 1998; Ostermann et al., 2000). Below
the transition temperature vibrational motions dominate.
Above the transition temperature, the motions may involve
continuous and/or jump diffusion and thus allow sampling of
different conformational substates existing in different
energy wells (Elber and Karplus, 1987; Karplus and Petsko,
1990; Frauenfelder et al., 1991; Kneller and Smith, 1994). It
has also been observed that solvent, when present, has an
important controlling effect on the dynamical transition
(Ferrand et al., 1993; Demmel et al., 1997; Fitter, 1999; Fitter
et al., 1997, 1998a,b; Cordone et al., 1998; Vitkup et al.,
2000; Re´at et al., 2000). Strong timescale dependence has
also been found both theoretically (Hayward and Smith,
2002), and in elastic neutron scattering experiments of an
enzyme, glutamate dehydrogenase (GDH) in CD3OD/D2O,
70:30, v/v cryosolvent (Daniel et al., 1998, 1999). Some
studies have found a relationship between the onset of
anharmonic motion and activity of proteins (Parak et al.,
1980; Rasmussen et al., 1992; Ferrand et al., 1993; Ding
et al., 1994; Ostermann et al., 2000).
Much of the dynamical transition research has involved the
use of elastic neutron scattering to derive the average mean-
square displacement of the system. In a previous article, MD
simulations of an isolated protein, bovine pancreatic trypsin
inhibitor (BPTI), were performed as a function of temperature
and the simulation data were used to evaluate approximations
used in derivingmean-square displacements from experiment
(Hayward and Smith, 2002). Here we extend theMD analysis
to BPTI in solution. The solvent chosen is CD3OD/D2O,
70:30, v/v, the same as was used in the experiments reported
in Daniel et al. (1998, 1999) and Re´at et al. (2000). The
primary aim of this work is to decompose the contributions to
the temperature-dependent elastic scattering.
An important question concerns under what conditions the
isotopic coherent and incoherent cross-sections of the sample
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can be used as a guide to determine the proportions of
scattering from each component. Isotopic cross-sections,
which are commonly used to estimate the proportions of
scattering from the components of a sample, are determined
by nuclear properties that are independent of the nuclear
dynamics. Formally, they give the cross-section for energy-
integrated scattering. They also give an approximate estimate
of the relative scattering intensities for components of a
system in which the dynamics of the components are similar.
However, in cases where the dynamics are signiﬁcantly
different, deviation from this approximation is expected.
Following the previous study of elastic neutron scattering
(Hayward and Smith, 2002), heremean-square displacements
suitable for comparisonwith experiment are derived by taking
the atomic trajectories, calculating the dynamic structure
factor, and subjecting this to the same data treatment process
as was used experimentally. A comparison with experiment is
made, and the components of the elastic scattering are
examined. The scattering is decomposed into solvent and
protein contributions, and the protein is further decomposed
into external (whole-molecule rotation and translation) dif-
fusion and internal dynamics. The simulation analysis permits
the identiﬁcation of dynamical signals responsible for elastic
neutron scattering intensities from a small protein in solution
as the timescale and temperature probed vary.
METHODS
Molecular dynamics simulations
The model system consists of one BPTI molecule in CD3OD/D2O, 70:30,
v/v in an orthorhombic box of size 41.03 37.53 46.5 A˚3 (on average at 300
K) with periodic boundary conditions. BPTI has 892 atoms and four internal
water molecules. There are 658 CD3OD and 661 D2O molecules in the
solvent, providing at least three solvent shells around the protein. This is
adequate for simulating a protein in a bulk solvent environment.
As in typical neutron scattering experiments, the exchangeable BPTI
hydrogen atoms were replaced by deuterium, leaving 324 hydrogen atoms.
This system models a solution of a protein in CD3OD/D2O, 70:30 v/v
cryosolvent, as has been used in several neutron experiments (Daniel et al.,
1998, 1999; Re´at et al., 2000). However, the protein used in the above
experiments is GDH. The reason for choosing BPTI for the simulations and
not GDH is that due to computational limitations, only a small protein could
be simulated for a time long enough to cover the experimental timescale and
at the required temperatures. Therefore, the assumption is made that the
difference between the scattering from GDH and BPTI in the same solvent
can be neglected. That this is reasonable is suggested from comparisons of
the scattering of different proteins in the same CD3OD/D2O, 70:30 v/v
solution, which was the same to within experimental error (Daniel et al.,
1998, 1999; Re´at et al., 2000). Moreover, the focus of the present work is on
decomposing contributions to elastic scattering, a quantity that depends
largely on the average mean-square displacement and is relatively
insensitive to dynamical details.
The system was simulated using CHARMM (Brooks et al., 1983) version
27 with all-atom parameter set 22 for the protein and methanol (Mackerell
et al., 1998). All water molecules were represented by the TIP3P potential
(Jorgensen et al., 1983). The simulations were performed in the NPT
ensemble. A timestep of 0.001 ps was used with SHAKE (Ryckaert et al.,
1977) applied to constrain bonds containing hydrogen or deuterium atoms.
Nonbonded and electrostatic interactions were truncated using a shifting
function (Steinbach and Brooks, 1994) at 13.0 A˚. The pressure of the system
was set to be 1 atm.
Simulations were performed at 18 different temperatures: 80 K, 100 K,
120 K, 140 K, and 160 K, then in steps of 10–280 K, and ﬁnally 300 K. The
starting structure for the ﬁrst temperature simulated, 80 K, was the energy-
minimized BPTI crystal structure (Parkin et al., 1996), Protein Data Bank
reference (1BPI) (Berman et al., 2000), equilibrated for 500 ps in a fully
equilibrated box of solvent. The starting structures for the rest of the
simulations at increasing temperatures were the ﬁnal structures from the
preceding temperature. The systems at each temperaturewere equilibrated for
150 ps and then data collected every 0.1 ps for 520 ps; i.e., a total simulation
time of 670 ps per temperature. The total simulation time was 12.060 ns
requiring 597 CPU h running in parallel on 64 processors on an IBM SP2
computer; i.e., 38,208 CPU h. After the ﬁnal simulation at 300 K the RMS
deviation of the backbone heavy atoms from the energy-minimized crystal
structure was 1.3 A˚ and that calculated using only the secondary structural
elements was 1.0 A˚. Therefore the protein structure remained stable.
Neutron scattering properties
We used the nMOLDYN program (Kneller et al., 1995) to calculate neutron
scattering properties from the atomic trajectories.
Dynamic structure factor
The quantity Sð~q;vÞ is the dynamic structure factor, where~q is the scattering
vector and - is the energy transfer. Here, the self-correlation part of Sð~q;vÞ
is calculated, using
Sð~q;vÞ ¼ 1
2p
ð 1‘
‘
dte
ivt
Fð~q; tÞ; (1)
Fð~q; tÞ ¼ 1
Natom
+
a
b2a e
i~q~Rað0Þei~q
~RaðtÞ
D E
: (2)
Equation 1 shows that the dynamic structure factor is a time Fourier
transform of the intermediate scattering function, Fð~q; tÞ. a labels individual
atoms whose positions are speciﬁed by their time-dependent position vector
operators ~RaðtÞ. Each atom has a coherent scattering length ba,coh and an
incoherent scattering length ba,inc that deﬁne the strength of the interaction
between the nucleus of the atom and the neutron. These quantities depend
only on the isotope involved and when squared are proportional to the
corresponding scattering cross-section. The total scattering cross-section b2a
is the sum of the incoherent and coherent contributions i.e.,
b2a ¼ b2a;inc1 b2a;coh, and the sums in Eqs. 1 and 2 run over all atoms
(protein 1 solvent) in the simulated system. In the present calculations the
coherent scattering is approximated by the self-coherent (autocorrelation)
term, and cross-correlations are neglected—this approximation should be
reasonable for the q- and v-ranges examined here.
The intermediate scattering function is a quantum-mechanical time-
correlation function that is replaced by a classical time-correlation function if
it is calculated from MD simulations. The detailed balance condition,
Sð~q;vÞ ¼ ebhvSð~q;vÞ; (3)
does not hold in the classical limit h ! 0. To take account of this we assume
the semiclassical correction (Lovesey, 1984), given here for isotropic
systems, such as the system under consideration, is
Sðq;vÞ  bhv
1 ebhv Sclðq;vÞ: (4)
The shorthand b stands for 1=kBT and Sclðq;vÞis the classical dynamic
structure factor. The semiclassical correction, Eq. 4, is an approximation
valid only in the linear response regime hvhkBTi.
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To mimic experimental conditions in the present work, Sð~q;vÞ,
computed using Eqs. 1–3, was convoluted with the Gaussian-shaped
instrumental energy resolution function of the instrument IN6 at the Institut
Laue-Langevin, Grenoble, France, with a full-width at half-maximum
(FWHM) of 100 meV.
The concentration of BPTI in the simulation is 156 mg/ml, whereas in the
experiments we compare with, i.e., Daniel et al. (1998, 1999), and Re´at et al.
(2000), the protein concentration was ;100 mg/ml. Therefore, in what
follows, when comparison is made with experiment (Fig. 1), the simulation
scattering intensities of the solvent and protein are scaled to mimic the
experimental concentration. The scaling was performed as follows:
Sðq; 0Þscaled
tot
¼ Ntot
Nscaledtot
Sðq; 0Þ
tot
NpSðq; 0Þp1 1:56NsSðq; 0Þs
NpSðq; 0Þp1NsSðq; 0Þs
" #
;
(5)
where Np and Ns are the number of protein and solvent atoms, respectively,
Ntot ¼ Np1 Ns and Nscaledtot ¼ Np11:56Ns; i.e., the total number of atoms in
the system after scaling, Sðq; 0Þp, Sðq; 0Þs, Sðq; 0Þtot, and Sðq; 0Þscaledtot are the
single-atom elastic intensities of the protein, solvent, total system, and total
system after scaling, respectively.
GDH is a functional hexamer. This association will inﬂuence its whole-
molecule rotational and diffusional properties, which would be expected to
be signiﬁcantly slower than BPTI. This difference should be kept in mind
when comparing simulation with experiment in the present study.
Elastic scattering analysis
In this work we perform an analysis and decomposition of the elastic
scattering Sðq; 0Þ.
This quantity is of central importance in analysis of dynamical transition
behavior in protein systems. To obtain the elastic scattering Sðq;vÞ was
calculated as described in Dynamic Structure Factor, and integrated over the
instrumental FWHM energy resolution.
To obtain the mean-square displacement of the system from Sð~q; 0Þ, the
Gaussian approximation was made. This makes use of the following
cumulant expansion (Rahman et al., 1962):
hei~qð~RðtÞ~Rð0ÞÞi ¼ eð1=2Þhf~qð~RðtÞ~Rð0ÞÞg2i6......: (6)
Neglecting terms in the exponent of Eq. 6 of order higher than q2, the
intermediate scattering function can be written, with the exponent averaged
over all directions of~q, as
Fðq; tÞ ¼ 1
Natom
+
a
b
2
ae
ðq2=6Þhð~RaðtÞ~Rað0ÞÞ2i: (7)
Theelastic scattering isdeterminedby the t!‘ limit ofFðq; tÞ; i.e., fromEq.7:
Sðq; 0Þ ¼ 1
Natom
+
a
b
2
ae
ðq2=6Þhu2ai; (8)
where hu2ai is the t! ‘ mean-square displacement of atom a. The range of
applicability of the Gaussian approximation for single atoms in a protein has
been examined (Hayward and Smith, 2002). It was found to be valid at
values of q\ 1. 2 A˚1.
Equation 8 involves a sum of Gaussians. Therefore, even when the
Gaussian approximation is valid for individual atoms at low q, because of
the fact that a sum of Gaussians is itself not Gaussian, Sðq;vÞ will not have
a Gaussian form. There will, therefore, be a non-Gaussian contribution to the
measured scattering due to motional heterogeneity, i.e., due to the fact that
a distribution of mean-square displacements exists in the protein. Neglect of
this non-Gaussian contribution corresponds to the following approximation,
1
Natom
+
Natom
a¼1
b
2
a expðhu2aiq2=6Þ  b2a expðhu2iq2=6Þ; (9)
where hu2i is the mean-square displacement averaged over the atoms in the
protein. The approximation in Eq. 9 is valid for q! 0. It has been estimated
from MD simulation that for a protein motional heterogeneity reduces the
value of the average hu2i calculated using the above approaches by ;30%
(Hayward and Smith, 2002). However, in the present simulation-experiment
comparison this error cancels out as we compare experimental results and
computer simulation results for which the approximations made in analyzing
the data are the same.
A standard way of obtaining hu2i from experiment is to take the limiting
q ! 0 slope of ln Sðq; 0Þ=q2 vs. q2. This was performed, for example, in
Daniel et al. (1998, 1999) and Re´at et al. (2000). Although this procedure
was found to be useful in identifying dynamical transition points, the
required gradient suffered from statistical inaccuracy at low temperatures,
leading to poor representation of the linear, harmonic part of hu2i vs. T that
runs below the dynamical transition. To overcome this problem the
‘‘integrated elastic intensity,’’ Sintðq; 0Þ, introduced in Re´at et al. (2000), can
be used. To obtain Sintðq; 0Þ (where q stands for the mean of the integration
range) Sðq; 0Þ is integrated over a range of low q-values. Here, Sintðq; 0Þ was
calculated from both the experimental and from the model system Sðq; 0Þ
and hu2i was determined from both the experimental and theoretical
Sintðq; 0Þ, using Eqs. 8 and 9 to derive
hu2inorm ¼ 6 lnðSintðq; 0ÞÞ=q2; (10)
where q is the mean value from the q range used to calculate Sintðq; 0Þ and all
values are normalized to those at 80 K.
FIGURE 1 Temperature-dependence of elastic scattering and mean-
square displacement: (——) neutron scattering experiments on the time-
of-ﬂight instrument IN6 at the Institut Laue-Langevin, Grenoble, France, for
GDH in CD3OD/D2O 70:30 v/v and (- - -) BPTI in CD3OD/D2O, 70:30 v/v
calculated from the MD simulations using the IN6 energy resolution
function. (A) Normalized integrated elastic intensity with an integrated
q-range of: 0.35\ q\1.03 A˚1 and q ¼ 0.66 A˚1 for GDH; and 0.35\q
\1.05 A˚1 and q ¼ 0.70 A˚1 for BPTI. Results are normalized to one at 80
K. (B) Mean-square displacement, normalized to 0 A˚2 at 80 K.
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Timescale dependence
We also examine here the timescale dependence of the scattering. This is of
particular interest because it was demonstrated, using elastic neutron
scattering from instruments of different energy resolutions, that dynamical
transition behavior of two enzyme/cryosolvent solutions is strongly time-
dependent (Daniel et al., 1999). The time-dependent mean-square displace-
ments, hu2aðtÞi ¼ hðRaðtÞ  Rað0ÞÞ2i, were calculated from the molecular
dynamics conﬁgurations as follows,
hu2aðtÞi ¼ hð~RaðmÞ ~Rað0ÞÞ2i
 1
Nt  m +
Ntm1
k¼0
ðRaðk1mÞ ~RaðkÞÞ2; (11)
where the steps in the trajectory are denoted by k ¼ 0, . . . , Nt  1, and Nt is
the total number of timesteps. To derive the appropriate neutron-derived
quantity the mean-square displacements are weighted by the scattering
cross-sections,
hu2ðtÞi ¼ 1
Natom
+
Natom
a¼1
b
2
ahu2aðtÞi: (12)
External and internal dynamics
The protein trajectory was decomposed into external (whole-molecule
diffusion) and internal components. The internal motions were extracted by
superimposing every frame from the atomic trajectory with an RMS
coordinate ﬁt onto the ﬁrst frame. The result is a new atomic trajectory of
internal motions. The translational mean-square displacement was calcu-
lated by creating a new trajectory of the center-of-mass of the protein. The
center-of-mass was weighted by the scattering cross-sections. The mean-
square displacement for the internal protein motion was subtracted from that
of the total protein dynamics. The rotational and translational components of
the protein motion were separated by subtraction of the translational mean-
square displacement from the external mean-square displacement.
RESULTS
Sintðq; 0Þ and hu2i are shown in Fig. 1 from experiments on
GDH in CD3OD/D2O, 70:30 v/v and from the model system
of BPTI in the same cryosolvent. As described in Methods,
for the purposes of comparison the simulation-derived
dynamic structure factor has been calculated at the ex-
perimental protein concentration and processed in exactly
the same way as the experimental quantity. Experiment and
simulation are in close agreement up to temperatures of
;200 K. The small peak in the experimental hu2i at;190 K
is of unknown origin—it may be due to contamination by
diffraction at this temperature. Above ;220 K deviation
from linearity, i.e., dynamical transition behavior, is seen.
This occurs somewhat lower in temperature and more
gradually in the simulation than in the experiment. The
differences between experiment and simulation at these
temperatures are small but signiﬁcant and may be due to
errors in the simulation (e.g., force ﬁeld, sampling) or in the
experiment (e.g., contamination from small-angle or multi-
ple scattering) as well as differences expected between GDH
and BPTI (for example, in the whole-molecule diffusional
properties). At 300 K the simulation-derived and experi-
mental hu2i agree closely.
We now undertake a decomposition of the dynamical
contributions to the scattering from the simulation model.
The scattering cross-sections for the protein, solvent, and
total system are shown for the simulation model in Table 1.
Based on these values, ;60% of the total scattering
originates from the solvent.
The relationship between the dynamic structure factor and
the isotopic cross-section is characterized by the zeroth-order
sum rule ð 1‘
‘
dvSðq;vÞ ¼ +
a
b
2
a: (13)
Thus the energy-integrated scattering is given by the
scattering cross-sections. However, the proportions of
scattering in any given subspace of (q;v) also depend on
the microscopic dynamics of the components. To estimate
this effect, the relative contributions of solvent and protein to
the elastic scattering intensity were calculated. This was
performed using the Gaussian approximation in the limit
q ! 0 with Eq. 8. Equation 8 requires the input of hu2ai,
calculated here using Eq. 11 with t ¼ 10 ps or 200 ps. Thus,
the scattering contributions on two different timescales are
evaluated. The 10-ps timescale approximates an instrumental
energy resolution of 100 meV (FWHM) whereas the 200-ps
timescale approximates 5 meV.
The results for hu2i calculated at 10 ps are shown in Fig. 2
A. At each temperature, the sum of the protein and solvent
contributions gives the intensity for the whole system. At
80 K the proportions of the scattering are given by the ratio
of the isotopic cross-sections in Table 1. This remains true up
to ;180 K and reﬂects the fact that at low temperatures the
solvent and protein both vibrate approximately harmonically
with roughly similar dynamics. Above 180 K one observes
the interesting effect that the variation of the solvent intensity
with temperature is much stronger than that of the protein,
the consequence of which is that that of the solvent largely
determines the change with temperature of the scattering
from the solution.
The long-time results (200 ps) are shown in Fig. 2 B. Once
again, the shape of the proﬁle for the whole system is largely
determined by that of the solvent. The relative contributions
for T\ 180 K are similar to those of Fig. 2 A and are again
given by the proportions of the isotopic cross-sections. At
higher temperatures diffusive motion in the solvent is
TABLE 1 Incoherent, coherent, and combined scattering
cross-sections for the solvent and protein
b2inc b
2
coh b
2
inc1 b
2
coh
Total 2.7 2.8 5.5
Protein 2.1 0.32 2.4
Solvent 0.64 2.5 3.1
All units are 1 3 105 A˚2.
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quickly activated, such that at T [ 270 K the solvent
scattering is outside the ðq;vÞ window examined, and the
solvent intensity is zero. Diffusive motion of the protein is
also activated but is more conﬁned, remaining within the
accessible ðq;vÞ window at high temperatures. Thus, at T[
270 K only the protein motion is seen.
To decompose the various contributions to the protein
hu2i, the internal and external (whole-molecule diffusive)
dynamics were determined, the latter being further sub-
divided into rotational and translational components. The
protein hu2i were calculated directly from the atomic
trajectories, on timescales of 10 and 100 ps.
The results at 10 and 100 ps are shown in Fig. 3. On both
timescales, at T\ 200 K the internal motions make the only
signiﬁcant contribution to the protein hu2i. Deviation in
linearity is seen in the internal dynamics in Fig. 3 B at
a relatively low temperature (;150 K), a phenomenon that
was also seen in simulations of isolated BPTI (Hayward and
Smith, 2002). There is a further change in slope of the total
protein hu2i at ;200–220 K on both timescales which
involves a change in the internal hu2i together with
activation of the external motions. At 10 ps and above
;200 K the global diffusive and internal hu2i increase with
temperature at similar rates, and the external motion
contributes ;30% of hu2i for T[ 280 K. However, at 100
ps and above ;200 K the external hu2i increases at a much
faster rate than the internal hu2i. Both hu2i are equal in value
at;260 K. At 300 K the external motions contribute ;60%
to the overall displacement. Rotational and translational
motions contribute about equally on both timescales. Self-
diffusion coefﬁcients were estimated from the slope of the
mean-square displacement curves over 40–120 ps according
to the Einstein relation D ¼ limt!‘ð1=6tÞhu2ðtÞi. The 300 K
rotational and translational diffusion coefﬁcients are ;3–4
3 107 cm2 s1 and are in the range of experimental values
for small proteins in solution.
CONCLUSIONS
This work demonstrates the usefulness of MD simulation in
understanding dynamical contributions to neutron scattering
from condensed-phase biological systems. When comparing
FIGURE 2 Normalized elastic intensity calculated using the Gaussian
approximation with atomic mean-square displacements at q ¼ 0.7 A˚1 and
as a function of temperature for timescales of (A) 10 ps and (B) 200 ps for
(——), whole system; (- - -), protein; and (-.-.-), solvent. The product, NSinc
(q ¼ 0.7 A˚1, 0), was determined at each temperature for the whole system,
protein, and solvent, where N is the number of atoms in the whole system,
protein, or solvent, depending on the component under investigation. The
trajectories used to calculate Sinc (q¼ 0.7 A˚1, 0) were normalized such that
the atomic hu2i are equal to zero at 80 K. The normalization was made so
that, for each proﬁle at 80 K, the appropriate scattering cross-section,
b2inc1 b
2
coh, shown in Table 1, is recovered.
FIGURE 3 Temperature-dependence of the mean-square displacement
for various components of the protein dynamics calculated directly from the
atomic trajectories at a timescale of (A) 100 ps and (B) 10 ps using Eqs. 11
and 12 as described in Timescale Dependence: (1), all of the protein
motions; (), the internal motions; (*), the external motions; (3), the
rotational external motion; and (v), the translational external motion.
Results are normalized to 0 A˚2 at 80 K.
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experimental with simulation-derived elastic scattering
intensities it must be realized that both contain errors. For
example, the simulation will contain force ﬁeld and sampling
errors whereas the experiment may contain inaccuracies
originating from counting statistics, multiple scattering, and
small-angle scattering. Moreover, the fact that in the present
case the simulation and experiment were performed on
different proteins may also affect the scattering, particularly
as concerns the rotational and translation diffusive compo-
nent. In a previous article it was shown that both the use of
the Gaussian approximation and the existence of a distribu-
tion of mean-square displacements lead to quantiﬁed errors
in the mean-square displacement derived from an experiment
on a protein (Hayward and Smith, 2002). However, in the
present comparison in Fig. 1, as the same method was used to
derive the mean-square displacements from the simulation as
from experiment these two sources of error will largely
cancel. Nevertheless, given the various remaining potential
sources of experimental and simulation error, the tempera-
ture-dependence of the experimental and simulation-derived
mean-square displacement and integrated elastic intensity in
Fig. 1 are in reasonable agreement.
The MD simulations here are decomposed so as to identify
the dynamical components of the scattering from the
simulation model. At lower temperatures (\;200 K) or
on shorter timescales (;10 ps) the scattering contributions
are given by the isotopic scattering cross-sections. This is
probably due to the fact that diffusive motion is absent and
the whole system vibrates approximately harmonically. In
this case the mean-square displacements of the protein and
solvent, and thus the elastic scattering, will be approximately
the same. However, for T[ 200 K, marked deviations are
seen due to differences in the dynamics of the components of
the solution. Above 200 K, three classes of dynamics are
activated: diffusive solvent motion, external protein diffu-
sion (rotational and translational), and internal protein
anharmonic motions. The solvent diffusion rapidly increases
with temperature, such that the reduction with temperature
of the total elastic intensity is largely dominated by the
reduction in solvent self-coherent scattering. The solvent
diffusion is such that at higher temperatures ([240 K) and
longer times (;100 ps) the protein makes the only
signiﬁcant contribution to the scattering. This result provides
some theoretical support for the recent intriguing report that
protein dynamics can be measured using neutron scattering
even in H2O solution if an instrument of appropriate energy
resolution is used (Tehei et al., 2001).
Decomposition of the protein mean-square displacement
shows that internal motion dominates below the dynamical
transition at ;200 K, whereas above it, both anharmonic
internal dynamics and external rotational whole-molecule
diffusion are activated at ;180–210 K. The ﬁnding that
external motion contributes a signiﬁcant proportion of the
picosecond scattering of a protein solution even with
deuterated solvent is in harmony with the results of Pe´rez
et al. (1999) in which a careful decomposition of the external
and internal contributions to scattering from lysozyme in
aqueous solution was performed and was checked with
classical measurements of diffusion constants. In the pre-
sent work it is found that the proportion that the external
dynamics contributes to the mean-square displacement
depends on the timescale observed, with a correspondingly
higher external contribution on longer timescales. This
contribution will clearly also be modiﬁed by the size of the
protein treated, with BPTI, which is relatively small,
diffusing relatively quickly. However, a useful experimental
strategy for the future would be the development of
techniques to reduce the contribution of protein external
diffusion (e.g., by tethering on a solid support) such that the
‘‘time-space’’ window in which internal protein motions
dominate observed scattering can be fully utilized to observe
internal, possibly functional, protein ﬂuctuations.
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time on their IBM RS/6000 SP-256. We thank Valerie Re´at and Erika
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Alex Tournier for useful discussions.
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